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> ABSTRACT 

The use ofelectrophysiolo^cal and molecular biology techniques j • 

reactive oxygen species (ROS)-induced impairment of surface and imemal membranes ^ 
^"elluL signaling. These deleterious effects of ROS are dueto the. | ^ 

inonwithvariou^siontransponproteinsun^^^^^^^^^ 

transduction, namely, I) ion chamiels. such as Ca channels ^'^^^^fc.^^^^^^ channels, and 
currents, dihydropyridine receptor voltage sensors, ^^^'^^^^^^^^J^^,^ as Ca^^-activated 
0..,o-inositol lA5-trisphosphate receptor Ca-^^^^^^^ ^^^^^^ 

chamiels, inward and outward K"^ currems, and ^^-'^^''''''l^ ' Ca^^ oumps Na^-K^-ATPase 
channels; 2) ion pumps, such as sarcoplasmic reticulum and ^"^^^^^^^^ and Na^/H^ 

(Na^ pump), and H^-ATPase ^ pump) 3) ion e— .as t^^^ p'!j? JLspoLs. I.e 
exchanger; and -0 ion cotransporters such as K -CI ,Na K u .ana , 

Tcha^^s™ of ROS-inducedmodificaUo. inion .,anspo„ pathways involves — o^M 

:::ra:ed on ion .ranspon proteins, P— Sli^ 'Cphor^luon and 
Lbition of menbraneW rei^latory enzymes and nod fi«^^^^^^^^^ 

ATP levels. Alterations in the ion transport mechan,sms '-^^*7^^ «^rton of 

primarily Ca^* homeostasis, which taher augment the '^''^'^'^'^"'^^''"^J^ 
Tgnal trLsduction, causing cell dysfunction, which underhes pathologrcal condtnons. _ 

ischemia-repertusion; muscle patholopes; thiol group; calcium homeostasis; membrane 
compartmentation; reducing and oxidizing agents 

> INTRODUCTION 
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REACTIVE OXYGEN SPECES (ROS). such as superoxide radieal anion (Q-,), smglel , . 
oxygen (10,), hydrogen peroxide (H,0,),hydroxyl radical (-OH), and IwocUorou^ ; Z 

acid (HOCI), are produced as by-products of oxidative metalwlism, in wluch enera, , 
activation and electron reduction are involved. Their production is enhanced dunng 
Ma^mation, a^ng, Elation exposure, endotoxic sbo* and 

liver kidney and brain. They have been implicated m vanous ceU dysfiincnons (2L 136)- '"^ 
nl'IXh^protection provided following treatments with free radical-s^vengmgen^^ & 
^ ThTmLhanisms of ROS action at the ceUular level are not weU understood. It .s obvtous, 
tt*. 'rti,"Ugof these mechanisms isintportamfordevelopN^^^^^ 

* cS^ ttes of dysfunction. U, particular, the tole of ceU '--^.^'^T^lZt. 
Ismembrane sigl transduction renders the chapges in ^^^^ 
associated with ceU dysfunction. This review examines the mteracuon of ROS ™* 
ptapholipids and proteins that constitute ion transport pathways, ,.e., ton channds, W 
1 t ramporters of both mtemd and surface membranes in general and m muscles m partiorlar. 

PRODUCTION, roENTiFic AiioWpf0!: 'MB'. 

* PATHOLOGIES OF ROS , , 

The metabolic pathways that are known to produce ROS include /) tite x^hine W^anthine o^e 

The significance of the contribution of each of these ROS sources is not well understood. 

The superoxide radical anion O" , is produced by the reduction of O, using an electron that can be 

supplied by superoxide-generating NADPH oxidase as follows 

IO2 + NADPH 20,- + NADP^ + 0) 

In aqueous solution, the production of HjOj is as follows 

20, + 2H^ H2O2 + Fe'* -f O2 (^) 

{ dismutation reaction.) 

The Fe3--induced catalysis of - OH production is shown in the Fenton reaction (61) as foUows 



Fe^^ +H,03 - Fc^ f OH- + 0H 



(4) 
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(Fenton reaction) 



Ncl , 0, HjO. - Oi t OH- f OH W 

Ai„, ROS identilviiw systems have been used to examine the 
Expertaentally, different ROS-generat,ng ' ^hese include /) H,0,; 2) 

ROS-induced modifications of ion transport pathways (see L2) 
„„.butyl hydroperoxide (,-BHP), a substrate of ^utatMone peroxtdase; 3) ^butoxy (RO ) 

y peroxy (ROO •) radical-generating systems; ^ hypoxanthine (HX)/XO. a sou^ for O 
/-butyiperoxy ^rvv. mHFV <5^ cumene hydroperoxide or punneAXO, 7) 

and • OH production; 5) ^'j^V W^J.^^^^^^^^^^ diethylene«entaacetic acid, 

nhotooxidizing rose bengal, a source for Oj, 8) ionizing r irra 

nJn o^ HV/XO FeCl and ADP- 10) phortol myristate acetate activation of H2O2 
and catalase/XO; 9) HX/XO, Fea3. and Aur, ; f Pharmacological 
productionin neutrophils; and/mhefreeradicals^^^^ 

identification and dissection of the combined ^f^^^^^^^^^ 3uperoxide dismutase 

effects of specific scavengers for H202,O 2' 2 ff.^, of the non-free-radical 

,SOO),desfer.oxamine,and.stidin.^e^W^ 

H,0, are caused by producing more htghly reacve oxyg P ^rtohydrates. 
. OH in particular, • OH reaas rapidly with many substances, e.g.. DN A, hp,d, an 

.nowchanofthemaiorprc^essesofROSundeW^ 

,hat have been attributed to ROS-induced cell * j"""'^'*,, „^„,„gi^ conditions (see Refs. 
Refs. 35 and 6U; 2) skeleul muscle tnjury (see R'^^. ^ ^^jf ; ' . „ Jotoxicity 012); S) 
91 and 126). e.g., neuronal damage in Parkmson^ d.se^e ^^^f_ f_\ , h^^ytes (see 

«.sdisease(seeRe.s. aand m)^)d.« ^^^^^^^ 
Ref 37) and gastric mucosal injury (see Ref 160), and /) nypen 
be suppressed by free radical scavengers (9, 54, 94, 104). 
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Fig. 1. Flow chart of major processes of reactive oxygen 
(ROS) pathologies. 



View larger version (29K): 
[in this window! 
[in a new windowl 

In skeletal muscle, exercise increases the rate of ROS production (30, IM 158). The enhancement of 
ROS production due to the increase in activity of mitochondrial electron earners, low catalase 
concentrations, the sudden changes in oxygen supply and consumption, and the presence of hgh level of 
Myoglobin acting as a catalyst for the formation of oxida^^^ 

Ref 130) The increase of free radicals in skeletal muscle and liver ceUs during exhaustive exercise is 
associated with a decrease in mitochondrial respiratory control, loss of sarcoplasmic reticulum 
(SR)/endoplasmic reticulum (ER) integrity, and increased levels of peroxidation products and hpid 
peroxidation. These effects are similar to those observed in vitamin E-deficient ammals (30). 

ROS INTERACTION WITH^ ION TpdNSFORT ?J}^ 
^ PATHWAYS 

The interaction of ROS with ion transport pathways in muscles can be deduced indirectly from changes in 
their membrane properties. Cosentino et al. (29) demonstrated the role of O'^ in the mediation of 
endothelium-dependent contraction. It has also been demonstrated that Hp, potentiates twitch tension 
in cardiac (84, 136) and skeletal muscles (124, 136), and this induced tension can be decreased by 
catalase, a specific enzyme that hydrates H^O^ (136). TTie effects are usuaUy characterized by 
amplification of tension and tension oscillation, followedby spontaneous contractions (84, TJus 
effect of H2O2 is not mediated via end effects on the myofilaments (UL 124). This suggests that the 
signal transduction pathways are affected by ROS. Early studies revealed that ^^^^^^^^ ^^S o" 
membrane properties could be deduced from electrophysiological parameters of the membrane. TTiese 
include changes in membrane current and potential, ionic gradients action potential du^tion and 
amplitude, afterdepolarization, and spontaneous activity and loss of excitabibty (see Refs. 40, 166, 167). 

The effects of ROS-generating systems on membrane potential are now weU estabUshed. It has been 
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. Y/XO as a ROS-generating system caused membrane depolarization and a decrease in 
demonstrated that X/XO as a KUi generduug y n^tentials in guinea pig ventricular 

,he aeon potential amplitude and marimum ra.e °1''^^'^2^^^^Z,J^\bbP, DHF. 
myocardium (127). Delayed afterdepolanzal.on and ^'y'^^'^^^. also J demonsnated 
and X«0 in guinea pig papillary muscle f "^Tn ^tSfolbiUon of aNa* cmrem (11) 
(i i ROS-induced memb^e <'^P°'--»°"^;^;^;^'^to 1^^^^^ cation current (m IS), 

lire^raca'^^l^=^^^^ 
;:^^::i,...eoscillatio„in[Ca^%Hasb^ 

(113)- 

z:r^r^rir:=ar-r.:^:^^^^^^ 
:c^rc?r.r=::rout..dcu.^^^^^^^^^ 

Ui2)repor,edbiphasicc.an«esinthea«i^^P^^^^^^^ 

rre:arrt=r";t^^^ 

,„cardiac.smoot.a.ds.let— 

rs;rcr=:rr:rbr;^^ 

important feature of ROS interaction with ion transport protems .s the modification i 
that ultimately causes muscle pathologies. 
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View larger version (22K): 
[in this window] 
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Fig. 2. Genmli^ scheme showing ROS-mod^^^ 
transport mechanisms that control Ca^^ homeostasis (Ga .. 
pool) in muscles- These transport mechamsms mcliide :/^ ion - 
chamiels: Ca^^ C«els; includii^ voli^^ 
Ca^^ currents (V Ca^^ Ugand Ga^ charaiels (RG^a^^|| 
dihydropyridine receptor (DHPR) voltage senior, iyaR9^n^ 
receptor (RyR) Ca^^-release channels, and D.^o-inpato : : j: 
1 .4,5-trisphosphate receptor (IP3-R) Ga^-^i^e^e;.^!^^ 

chamiels, such a^ ATP-sensitive ^ chanpel| and ; 
chamiels, such as the smaU Gl- ^Gl) cha^ 
such as sarcoplasihic reticuhini (SR);^ 
ATP Ca2+ pumps and Na^-R-^ATPase (Na^^ pump); aiid 5); 
ion exchangers: Na^/Ca^ exd«ngef. Excited ceU ««jbran^ 
(sarcolemma of sk^etalmuscl^ of spec^c;receptor|^^, :n . 
sarcolemma of cardiac and smooth rau^des) communi^ 
with the Ga2^ slider (SRin skdetaliand sm^ 
sarcolemma in caixii^ musd^ byineans^^^ 
(T-T) or by second messengers, such as c/^P (panug , 
muscle) or IP3 (smooth musde), M,; mitochondria; -MF, 
myofilaments; R, receptor P(dardiac muscle) and a.Csniootii 
muscles). 



Ion Channels 

r<r'- channels L TYPE voLTAOE-SENsmvE CA- CURRENTS. L-^e voluge-sensitive Ca^* cha«n* play 

mean current due to slowing of the mact.vat.on (26), ^ol^*'^ ^ f J ^^l^^^ l^^d, Gerbai et al. 

T^eLe data suggesting .ha. oveHoad due .0 Ca- MUX .h^ugh 

be ruled out. since free radicals and H A voltage-sensmve L-We Ca <^ 

^Tl,ein.«.o,.e.ec.orHX«0.dO^.a^^^^^^ 

and catalase,suggest.ng that both O ^ and H2O2 are ettea.ve^iaD 
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cumene«0 ROS-generaUng system were irreversible (48)^ Internal oxidative agents -"l"" -r*^;'^ 
also show that 4 4'-<lithiodipyridine [DTDP; a lipophilic sulfhydryl (SH)-oxid,zmg agent] and tkmerosd 
uCrtol^henyOthioletM mercury sodium sdt. a hydrophilic SH-oxidi^ng agent) *b,tthe aovty 
of cloned rabbit smooth muscle L-type Ca2+ channels (23). 

Table 1. Effects ofROS on DHPR and L-type Ca2+ curreirte; ; 

View this table: 

[in this windowl 
[in a new windowl 

Ca^^ channel blockers have been used to identify the Ca^^ pathway contributing to changes in 
cytoplasmic Ca^^ concentration ([Ca^ ^ The Ca^^ channel blocker nifedipine blocks O ^-mduced 
increases in [Ca^^,^ in human myometrial cells (il2). Although indirect and inconclusive, the findmg is 
taken by the authors to indicate that the increase in Ca^^ is mediated via an 0-2-affected 

• r n.2+^u^„n^\ R^rpntlv Uedaetal (171) reported that free radicals, monitored 
voltage-sensitive L-type Ca^ channel. Recently, ueaa ei ai. ^wjj ^ v . 

with 2' T-dichlorofluorescin diacetate, may be involved in amyloid protem potentia ion of Ca mflux 
W l-type voltage-sensitive Ca^^ channels. Amyloid P protein, which accumulates m Ae b«m of 
iJlTheter ^ts, generates Ca--independent free radicals that potentiate the influx of Ca- through 
L-type voltage-sensitive Ca^^ chamiels in rat cultured cortical and hippocampa^ neurons. The 
neurotoxicity (see Refs. 6 and 170) caused by this influx is attenuated by mmodipine (17L 18Q) and 
vitamin E ( 171) . 

DUIYDROPYRIDINE RECEPTOR VOLTAGE SENSOR There is indirect evidence for the effect of ROS on the 
dihydropyridine receptor (DHPR). It has been found that H,0, prevems Ag contractions and Ag 
irfnbition of excitation-contraction (E-C) coupUng in single skeletal muscle fibers from fia» <«^«"a 
or « ca,eshcia,^ (124). Recently, Oba et al. (124) proposed that H^O, induces skeletal muscle 
dysfunction by acting on the DHPR and the .yanodme receptor (RyR) in T tubule ^ "ec^ely. 
Tension experiments on skimted single muscle fibers from R caiesUam reveal that 1.5-6 mM H^O^ 
potentiates decaying twitches indicative of a direct action on the DHPR^ although ■•^^^;«*^»^ 
action potentials were affected ( 12fi. Decaying twitches were seen ,n the presence of 5 mM dnhtothrctol 
(DTT) and were amplified and slowed with BAY K 8644. Binding studies that also mdicMe a 
ROS-induced decrease in this currem may suggest a direa effect on the chamtel protem. Kaneko et al 
(82) observed a reduction in DHP binding sites in the membranes of heart cells exposed to oxygen free 
radicals. Similariy. in guinea pig ventricular myocytes, the ROS-generating system DOT ^ 
r'H]PN-200-l 10 binding sites of DHP, underlay the observed reduction m L-type Ca « and was 
prevented by SOD and Lalase (58). These authors postulated that these changes ,n theOIffRs, wtach 
rice Ca^ 'currents, mediate the mechanical dysfunction associated with oxidative s^. However, the 
effects of H,0, or other ROS on single DHPR channel activity have not been repotted yet. 
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I ♦u Pt/R ra^'^-release channels are 
RVRCA>.RBLEASECHAN^^>n«'d■aoa„dskele«lmu^l«^^ 

axanon. There are only a few smd.es .eg^ .ng f f^^ ^ ^ ,^Wed, m pa«. .o Ca^ 
a„dies have established .hat .he effec. of ROS »» J""^ ^OS modify the sttuowre airi 

ftom the SR. There is also ~^ ^-Xlhtltial decease in the probabm^ of the 
fi„c,ion of the cardiac SRRyR Ca^-re^^^^;^^^^ U 
channel being in the open state .s followed ^ ^^^^^.^ 
.,ele.almusc,e.H,0,inducesSRCa-r^a.«^ 

modified .he gaung of the RyRCa re Mi^* or ryanodine (12). « appears that Ca 

„„ductance or Channel modulation wi* A^^«^ M£^^^ 

release from .he SR can be induced us,ng ^ff"™^"^";^* ^ also activated by rose bengal 

106.1cDa Ca^^-rdease channel protem firom the "^l ^ Ca2*-activa.ed force of isolated 

^ More recently, using the -"^^^rTLamb (132) reported that r^ 

otiier mechanisms of release and uptake. 

T.b..2. Efiec.sofROs'o„RyR:G^*:^^^ 



View this table: 

[in this windo wl 
[In ^ now window! 



P,sE CHANNELS. ROS-induced Ca^^ release 
viamodifica.ionsinD-™>«-mos,toll,4,5..nsphosp ^^ ^^^,^..0-, stimulates 
.evelrem^nstobee^mentallyol^e^e^^r^^^^^^ 

n.,-induced Ca- release from ^,.,^„, .He IP3 Ca^-rdease recepror U^. 

proposed .1^ SH reagenrs may mduce C rel^ ^ Ca^. 

The da.a reposed by Elmoselhi e. a. (43) "-^^^ „^dized gluuti»one (OSSH) 

decreases .he luminal ta comein 

I, „fROS in modulating ion Channels has also been 
irferred from .he use of ion channe "o^ke J p,„duc.s. ind.ca«ve of 
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radicals by the .e.brane-bound NADPH o.dase .ay be mediated by Ca^-activated (K^.) chapels 

.HuJeoslnop.lsand.at...ecHanis..ayunde.^^^^^^^^^^^^^^ 

aller^cdiseases. Relaxation evoked by — " 

radicals, also modified Ca^^-dependent channels a SLIM). In contrast tot ^ 

inhibition [with DTT and reduced glutathione (GSH)] of channels in the plasnta membrane of bovine 
licendotheli.cells(mthelargeK,.channelins.elet.m 

as 50 mM H,0, concentration (179). Differences in H ^-induced modification m channel actnnty could 

reattributed to differenceintissue types. For example, itl^sb.^^^^^^^ 

the activity of Kp, chamiels in pulmonary, but not m ear, artenal smooth muscle ceUs otrz 

is mediated via depolarization of the membrane potential (see Table 3) (18). 

Table 3. Effects of ROS on channels 

View this table: 

[in this windowl 
[in a np.w windowl 



«^ AM, ou™ard r CURRENTS. The edification, in ion " 

K^::ir=r::^=-^^^^^^^ 

,he radical scavenger Mcysteine and was m,m,cked by H,0,. where^ SOD »,d 

concentration ([K^), or ATP levels. 
Seve.in.ardando.wardK^c..e,sa^a.^^^^^^^ 

guinea pig cardiac venmcuiar myocytes HX«0 (ROS producuo atnoventricular 
formalion from adrenaline) decreased the ,nward K current (2©^ In 

node preparation, r-BHP transiently increased the spontaneous finng f^^;^ ^ ^ 
oftheaction potential, and induc..bip.^icc^^^^ 
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^nco'mitanUy as»da.ed with an ^^^.^"^^^ „, ^ed by 1.6 H,0, e.g.. 29-4 

HukU. Other cloned vol,age-depend««chm.els « ^^^„„„t„« bengal induced 

a KSMUA 1 (172). Recently, Dupart et al. (37) ound 4. and Kvl .5. Sto' channel 

:^«r^tle^ed Channel activity <>"*^^tTf 5w" i^* Kv2.1 andKv2.2, « 
'Z a. and inward reaifier ^^^^^^^^^k were no. affected. On the oth« h»d, 
channel Kv4 1, and inward rectifiers »K1. M^^; , Kv3.4, wherm other K 

,e„Pren.ved.he«.-^^^^^ 

ofchannelproteintntderhwesUg^^ 

■ ™.,.4::ES«sofROSoni„war4;0«,™4.^^ 



View this table: 

jjn tt^i" windowl 
[in a n""^ windowl 



J Tiv/vo nn K ^channels in cardiac and 
,TP.SENSmvEK. CHAHHELS. The effects of H,0, and HX«0^ ^ ^^^^^ 
pancreatic cells have been reports. (Table 3. J^t eff^^^^^^^^ 

of hypoxic conditions. For example, hVPO™ ""^^^ ^ pig ventricular myocyte cells, the 
K Jm isolated hear, cells of the g.mea ptg ©. " J ^^„,^,,^Uve chattels 01 
H^OaOS-generating^stemincre^^^^ 

169) Concentrations of >30 uM HjO^ also of convennonal 

tibraneofratpancreaticP-^lsinwhole^t^o^^^^^ 

whole cell configuration. Furthermore, >. '""^^^'"^^ „^ i^ibited wiA tolbutamrde, 

^nfiguration but not in the inside-out f„ effects of H,0, on chattels 

glyceraldehyde, and 2-ke,oisocapro,cac.d (123)1= ...„ ^d^ed membrane patches. For 

example, Ictanan et a). (22) observ ^ H,0,.in<taced maease m K,^ 

in the isolated inside-ou. config^ratroa I. ha^ b^ P^ ^^^^^ ^^^^ 

channelaaivityinPcellsthatremainedsensmvew ATP j^,easeinthecytosoBc 

Ittion of ^ycolysisand/or o»^-e p^sp^O^^' ^ ^<^^^^^^^^ m 

concentration of ATP (122). as prevously s,^gg«.^ 2 2 ^ ^a^. 

g„i„ea pig ventricular myocytes (5® In P cells. H A (DTNB) and 

UOaim). They proposed. h^the^o.^^^^^^ 

6/20/ 



10 of 40 



^ ••• '•' • ■ " h«p./ajpccll.physiology.or,'cgi/contcnt...lumc-2,m.^^^ ^-^s 

Cell Physiologj- - Kouric 275 (1): CI 

• (U ^ nf 90 OOO-l 10 000 and aP-subunit with ari^ 
^ ..oa.aly.ic subu™. w>U. a relative molecu,. wcgh. W ' ^ ^ 

<,f 40,000.60,000. The Na^ pu^p is — rron^^^u, geLaUng Mental 
Na^ and .wo per one ATP hydroly«d '^^^;7„ cells are typic* 5-115/130 

„ega,ive charges TTe '^-f^^^'^'^^Z^^^T^^-^ «=P^ -""T" 
^ Na* and UO/5 mM (see Ref. ^^^^^^ ^ Fo, exaniple, ttea».en. of 

The hydrolytic and .ransport teutons "f^ " ^f^^^^ „ J „^ of Na* fiom .he 

i„side-o„.ery.hrocy.evesiclest..h.ws.norch^ow^^^^^^^^^ 

Na^-K^ATPase (62). K--ac.iva.ed ^'^'^jRostTa'pumps have been reported (see Re . 
hydropic step of the Na* pun*, ^o^^^^d^ o * :lods'useS for ROS gene^tict. in which 
62) Some of these differences .n ROS effects are .^^^ differences could also 

lierent individual ROS ™ay not act v^mesa™.^^ 
adse from resolution linntattons of the flux expenmen , 
ROS-enhanced artivated K.* channels. 

T,b..8. EffectsoflU)SonN^-K--An.asc(Na>mp):y||.^ 

View this table: 

[jn thU windowl 
[in a P**^ window! 

M * ATPase orthe Na^ump in the sarcolemmaof pmeapigs. 
Kimand Alcera(20)cxammedNa -ATPaseo ^p^^ ,„d „as estimated ftom 

Na*-K*-ATPase activity was deduced fi-om ouabain-sens,t.vc A , 5^ _^ 

Ll-sensitive'^b-uptake.Theyfou;^^^^^^^ 

DMSO, 10 mM histidine, and 50 ^g/ml vttam^n E or mM^ ^3^^^^^^^ 
»ted ischemiaand reperfusion-induced — ; phospholipids. Ithasbeen 

binding The pump also appeared — ^jth^^^enase, dihydroxyfUmarate. 
shown .ha. Na^-r-ATPase ac.,v,.y ,s al- "^^"'^''^ ^^^^ ,,,, (82) ^„ned .ha. the mtabmon 
ascorbate-FeCI,, and cumene hydroperoxide (Ji 22, peroxyl(ROO ■) 

of mouse ce^ral ^^^'^^-^^'^.f^^.^ZZ^^^Zr,^^ in.egri.y .ha. oonse.Juen.ly 
radicals is mediated via lipid ^'>-f^^'-'^''^^^l „f membrane-bound proteins. It has also been 
results in conformational ^^^^'''^'''^^^^7,^,^^ Na^K^-ATPase is due to lipid 
suggested that ^^'-'"^"^-"^"^'^""Z ^6 and an increase in ATT and ouabain 

peroxidation-induced reduction in the affimty ^ ^'jt^ „Ials on the activity of Na*-Mase 

affinities (HI). The inhibitory effects of non-generated free rao 

can be reversed by antioxidants (128) 

Uappearsthattheeffectsoffreeoxideradica.sdu™,g — and^r^^^^^^^^ 
JltodepletionofATP,.n.ATP^^^^^^^^^^^ 

enh^cethe 'f^^l'•^:^^-^ZZT<^^. Vlessis e. (125) reported inhibttron of boti. Na 

X/XO on cardiac Na -K -Ai t-ase die 

6/20/01 
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.ranspor. and the Na^.r-ATPase. whereas Kukr^a et al. (103) found *a. X«0 '^ '^r^^ 
Na-.^-ATPase was inactivated by H^O^, HCIO4, and NH,C1 treatments. V,nn.kova et al. (124) fomd 
that the "Oj-induced inhibitoiy effect on Na^-K^-ATPase was prevented by the 'Oj scavenger, bsttdme, 
whereas SOD, catalase, and tnannitol were not effective in providing such proteOion. *^ 
data rule out inhibitory effeas due to 0",, H,0„ and • OH. EUnoselh et al. (42) suggested that H,0, 
and 0-, uncouple the hydroiytic activity of the Na* pump from Rb*(K*) uptake. They proposed that 
such uncoupling under ischemic conditions and reperfasion would damage smooth muscle 

Ta result of continuous ionic imbalance and starvation of the ceUvia 

levels of HA and O'^ required for uncoupUng the Na* pump are higher than those affectmg other 

processes; hence H,0j and 0"^ effects are unlikely to be directly due to uncoupling of the hydroiytic and 

transport reactions 'of the Na^ pump. It is not known whether ROS affect to variousNa* pump .so&rms. 
For sample these isoforms differ in their a- and P-subunits and in their affimties to Na andK m- 

m« in responses of these isoforms to specific ROS may shed Ugh. on their molecular mechamsms 
of action at the subunit level. In this regard it has been found that the x, and ^ .soforms of the 
IMa*-K*-ATPase differ in their sensitivities to oxidants (71, 184). 

mmp. The H* pump is important for preventing a drastic intracellular acidification and for charge 
L^cel memble polarization. Oxidant stress-induced pH changes in peritoneal maaophages have 
been attributed to modifications in the plasmalemmal H*--ATPase (see Ref 14). 
Adenim nucleotide translocalor. phosphate carrier, andumouplingproteim. These proteins are present 
fnti 0 hondria. The phosphate carriers catalyze the electroneutral exchange of phosphate "y-^y' 
on. The adenine nuclLide carrier binds and transport adenine ^X^.^^ ^^^^"^-^ 
bind purine nucleotides but transpon H^, OH", or CP (see Ref 12). The eff«*-«OS on «.ese 
prot Jn transporters are not known. However, it is very likely that they are affected by ROS. First, i^rs 
known that in skeletal muscle and liver cells free radicals increase during «haus,ive »e™«J^ 
increase is associated with a decrease in mitochondrial respiratoiy control (32). Second, tove 
deleterious effects on mitochondrial metabolism (see Ref. 50) and are linked .0 a leakage 
from mitochondria (see Ref 21). Third, the presence of the SH^ups on to <^»"*^' 
SH-induced modification in permeation of phosphate. CP, and H* (137) also suggest that ROS may 
modify these transporters. 

Ion Exchangers 

Na-fCa^' exchanger. The NaW^ exchanger couples the transport of three Na^ to that of a single 
Ca2^ in the opposite direction in two consecutive, yet separate steps (see Ref 28). The Na /Ca 
exchanger, together with Ca^^-ATPase of the ER/SR, regulates Ca^^ levels that underlie nauscle 
Tntrac ili y beha^or under both normal and ischemic conditions (see Ref m 

Na-/Ca2- ;,ehanger contributes to force development, in particular, under glycos.d,c conditions (see Ref 
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131) In smooth muscle, relaxation is achieved partially via a decrease in [Ca^^^ efflux at the 
Dlasmalemma by means of the nM* exchanger (1^9). There is evidence suggesting that this 

TangX tetramer United hy disulfide bonds, and thus it is susceptible.o modficauon by ox^g 
and reducing agents as well as ROS (see Refs. 19. M, J29). However, both decreases Qi 24, SS) and 
™ i7N?.dependent Ca^^ uptake (NaVCa^^ exchanger) (4£ m 154) in both tsolated and mtact 

vesicles have been reported (s. Table 9). The exchanger is also 
agem HOCI (46, 88). the SH-alkylating agem diamide (2, 34. 129). and SH-reducjng age«s GSH and 
D-^ (121) Ti;^e U also evidence that SH-alkylating diamide stimulates Ca^W exchange 028. The 
^"r ^he inhibition or stimulation is no. dear^ The stimulation of the Na^/Ca^* exchat^er has been 
Xed to .be increase in affinity to Ca^ i.e., a decrease in for Ca^^ (125. 154) vnth tx, ctanges m 
voltage dependency (154)^ The pathophysiological Implication is that such sttmulatton o™" 'Ca 
exchLe by ROS may moderate the myocardial response to ischemia-reperftston «i)u.y (ISi). DtPolo 
Td B^auge. (33) pmposed that the inhibition is due to a reduction in the affimty of the exd«nger to 
Ca2* The conflicting effects of ROS on the Na^/Ca^* exchanger may be partially due to (he use of a 
different ROS-generating system and different parameters to deduce the exchanger activity J*'' 2) 
FoTraLple L and k1 (88) found that HOCI induced inhibition whereas H^ -><l"-d sUmulahon 
of the Na*/Ca2* exchanger. HjO^-induced CP current is used as an indicator of enhancement m the 
Na-/Ca^- exchanger (149). However, both Coet^ et al. (24) and Goldhaber (49) obtdj»d conflictmg ^ 
data, despite the fact that both used Ni^* sensitivity of a membrane currem as a marker for the Na /Ca 
cCr conflicting effeas of ROS on this exchanger are not due to the ROS-generatmg s^». 
Tnce it has been found that H,0, and X«0 similarly enhanced this exchanger m ventncular myocytes, 
causing Ca^* overload and triggering arrhythmia during reperfcsion (49). The conflicting e^tnay be 
due to differences in the exchangermode during which the effects of ROS were — ^ 
evidence suggesting that Ca^* and Na* are translocated in separate consecutive 
that the Na*/Ca^- exchanger may operate in reverse, i.e, ef«ux of Na* and mfltn. of Ca tog 
i^chemia-reoerfusion when cytoplasmic concentration of Na* ,s increased (54). Furthermore, the 
^cZge: is mtled by Ca- and/or ATP, which affect the exchange distribution between ..^active 
state and either of two inactive states (see Refs. 66and 67) Other regulatory 
involved, such as changes in lipid composition (106) and Hfi, production via insulin-NADPH oxidase 

interaction (88) 



Table 9, Effects of ROS on Na^^/Ca^^ exchangers 

View this table: 

[in this window! 
[in a new window] 



Na*/H* exchange. The isoforms of the Na*/H* exchanger are presem in various epithelial and murfe 
cells. They play nnporiant physiological roles, such as regulation of intracellular pH. ceU volume, and 
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..absorption of NaCl and NaHCO, There is linle irfonmtion on the rffectsof ROS on these exchangers 

in epithelial cells. ROS have been implicated in the incre^ aaivity of the f (^T^dri. 
that is activated by phosphotylation in vascular myocytes from hypertensive rats (m I> ^ also been 

that exposL of human neutrophils to .00 „M Wormyl-methionyl-leucyl-p »ya^^^ 
aaivated the amiloride-sensitive Na^/H^ exchanger, leading to an increase m mtracelhlar pH from 7.22 
to 7 8 {157) The ROS-generating system »X0 inhibited this transport system in elated myoc,«s of 
rat he^"™i in sealed sarcolemmal vesicles of bovine hear, (IM). »"« *e inhibition was «v«^ ™* 
Mtalase and SOD and, therefore, indicated that H ,0, and O" j were the efiecuve motehes. The effect of 
ROS on the Cr/HC0"3 exchanger is unknown. 

Ion Cotransporters 

Calim-Cr tramporters. The electroneutral transporters have important physiological roles, such as 
rl^ory volume decrease and transepithelial salt transport (see Ref. 122), I*e.r aCvtty depends on fte 

»7of all the transported ions. However, they differ pharmacologically with respect U,.ta,den«,y 
and stoichiometry of the tr^sported ions. There is litUe direct or indirect .nformatton on the effect of 

ROS on these transporters. 

r-CL- COTRANSPORT. This cotransport system could also be modulated by ROS, since it has been 
reported that K^-CP cotransport in etythrocytes is modulated by SH groups. I, is acttvated through 
7«hy11leimide (NEM).induced SH alkytaion and methylmethane thiosulfonate- or dtamtde-tnduced 
SH oxidation (see Ref IM) It has also been found that phenazine methosulfete, a generator of oxygen 
^ rTcals. stimulated!; reve^ible K^-CP cotransport system m human erythrocyte membranes (62). 

NA-.K--CL- COTRANSPORT. The effeas of oxidant stress, induced via cell incubation in (-BHP in the 
presence of bumetanide, show a deaease in the inward movem«« of Rb^ ^bn^of ^ 

bumetanide-sensitive ^'Rb* pathway, which represented Na*-K*-Cl- cotransport (41). Strndarly. <-BHP 
inhibited Na+-K*-Cr cotransport in skeletal muscle (151). 

OOrer coiranspcr,ers. NA^-P, COTRANSPORT H A a"<i O'^ inhibited the Na*-P, ttansport system m 
isolated myocytes of rat heart and in sealed sarcolenmtal vesicles of bovine h^ (l^F^^^^ 
ROS-induced inhibition was reversed with catalase and SOD. The effect of ROS on Na -HCO , and 

K"^-HC0"3 cotransporters is unknown. 

THE PRIMARY TRANSPORT PATH\p.Y AS ^ 
^ TARGET FOR ROS ' ^ ^^--^--^ 

ROS-induced changes in membrane properties are considered early events in response to oxidative stress. 
However the molecular mechanism(s) for ROS action on ion transport pathways is not knovm. 
H^oThlally, the effects of ROS can be caused ^a direct effects on ion transport protems. Ion channels 
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that have been thought to be a prime ROS target include a 106-lcDa Ca^+.release channel (162. 185), 
DHPR and RyR Ca^^-release channels (125), and channels (94, 104). It has been reported that the 
direct effect of HjOj on K^^P channels in skeletal muscle is mediated via oxidation of the channel protem 
(179). It has to be noted that the concentration of H2O2 used by Weik and Neumcke (179) greatly 
exceeded those reported in studies where the effect was thought to be indirect (50, 123). Tokube et al. 
(169) suggested that ROS directly affected the K^^^, channel by binding to the ATP-binding site, causmg 
a decrease in the sensitivity of the channel to ATP in the range of 0.2-2 mM, without affecting ADP or 
glibenclamide binding sites. Indirect effects of ROS on ion transport pathways are mediated via membrane 
phospholipids. There are several examples where changes in ion transport have been attributed pnmanly 
to changes in membrane phospholipids. It has been argued that ROS caused peroxid^on of membrane 
phospholipids and that this led to changes in the K^^P ^^^^^ -ATPase (see 

Table 2). 

The data in Tables U9 show that the concentrations of ROS-induced changes are different for ion 
channels, pumps, and exchangers. It appears that the inhibitory concemrations for ion pumps are less than 
those required for ion channel inhibition. Thus ion pumps are more sensitive to ROS than ion channels. 
However it is not known which of the ion pumps is the primary target. Attempts have been made to 
determine the primary ion pathway that is affected by ROS from the IC50 of individual ROS. The data m 
Tables 7 and 8 show that Ca^"" uptake is more sensitive to H2O2 than ouabain-sensitive Rb"^ uptake. 
However, Rb^ uptake is more sensitive to O-2 than Ca^^ uptake (42). These findings suggest that the 
primary ion pump that is affected by ROS depends not only on the type of pump but also on the individual 
ROS. 



► MECHANISMS OF ROS-INDUCED MODIFICATIONS 

Figure 3 shows the possible molecular targets underiying ROS effects on ion transport mechanisms. 
These molecular targets include /) membrane phospholipids, 2) membrane proteins, 3) regulators of 1 
transport mechanisms, or ^ a combination of these targets. 




Fig. 3. Molecular targets underiying ROS-induced 
malfunction of transport mechanisms. 



View larger version (13K): 
[in this windowl 
[in a new window] 
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Th. ™i„riK Of Studies of ROS effects on ion transport assume that ROS-induced stimulation (e.g., Ref. 
S,onI^n:rK:flBaremediatedviamod«cations 

Tables hS) The interaction of ROS with ion transport proteins ,s vewed as bang '"^ ' 

L'Sde redo, state model and thus explains the « ^^^^^^.^^^ 
The evidence for SH groups of the ion transport pathways a. the s.te(s) for ROS action ,s discussed m 
ROS mimic SH-oxidlzing agents and SH-reducing agents reverse ROS aenon. 
ROS characerisiics. ROS are capable of reaching SH groups embedded ta the membrajte. For sample, 
H!o,t^"^ly cross the cell membrane and be converted to • OH via the Fenton reacuon. wtth 

■A- ■ P.k. QH m-nnn^ This SH oxidation produces intermolecular cross-links that 
consequent oxidizing of the SH g^oup^^ ^bs SH o^da^o p ^^^^ ^^^^^ ^^^^ 

underlie ROS-induced protein oligomers (70, 80, M) inepnysit-diwioiiBv 

a^ ™ proteins moli^ the taction of the Uansporting proteins and/or Ute avaJabthty of regula^o^r 

proteins. I. has been proposed tfut H A *e redox state of the channel prc^em m 

such a way that oxidation of the cysteines involved in the -ball" and "chain" mechanism that gate the 
taneZ « (Its) J»mme et d (80) suggested that, dunng exposur^to ROS-generatmg systems, the 
ctanel occu«^ ^ .^^^^ ^^^^ ^ ,h„, 

mLliLtll^d a^ssibility to the regulatoty sites on this pump. Physical changestta mod*, 
« meclsms could ^so be brought about via ROS-induced changes m the P^P^"-^^ 
^o^oU The affinity or the accessibility of the ATP and ou^ain b^dtng .tes could be mod^ed by 
alteration in membrane imegrity and fluidity during ROS-induced hp,d peroxtdatton. 
ROSmimicSH^Mzingagems. It has been found that the SH-oxididng agems H,0, or DTNB prevent 
Ag* contractions and Ag* inhibition of E-C coupling in sin^e skeletal muscle fibers fto";^- '-^^ 
ofR ca,esMana and that these effects we. reversible with the SH-reducmg agents (123. The RyR 
Ca^^-release channels can also be enhanced by ROS and SH-oxidizing agents that mduce Ca release 
(Table 1 and Reft. 75, 145, 122. M) 

The oxidation state of ion transport proteins does not simply favor an active state, and the reduced state 

ineoxiaanon siaicui luu 1 a. K ^ FcHomnmbv DTNB reversibly increased the 

does not favor an inactive state. For example, oxidization of SH f , ^ . 

activity of maxi-Kc, channels in rabbit pulmonary and ear artenal smooth muscle ceUs (128), whereas 
oxidation induced inhibition of this channel that could be activated ™ti, » ^^^^^^^ 
(178) SH oxidation with DTNB and thimerosal also inhibited Kc. chamiels (18) and the ATP-reguMed 
K* channel in pancreatic P cell (75). Similarly, SH-oxidizing agents Hg^* and thimerosal induced mpid 
l^Z^l bU with DTT. of the single Ca--activatednon«,eaive«tioj^ activity ftom 
brown fat cells (22). Internal oxidative agents used on ion cha^iels show tha^ D™Bjd 
^chloromercuriphenylsulfonic add inhibited the activity of the chamid (25), and DTDP (hpophihc 
SH-oxidizing agent) and tiiimerosal (hydrophilic SH-oxidizing agent) inhibited the activity of the clon^ 
IrslZ lscle L-type Ca- chattels (23). All these findings indicate that substances tiiat mod,^ 
the SH groups also affect the activity of transport protein. 
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ROS that mimic the action of SH-oxidizing agents may act via a different mechanism. It is suggest^ that 
oxidation of K^^ chamiels by H^O^ forms disulfide bonds that differ from those induced by SH oxidation 
with DTNB and thimerosai QS). There are several examples to support this suggestion. DTDP increased 
the P of the ATP-sensitive SCI chamiel (95, 96) and also activated H202-induced inhibition of this 
channel (unpublished observations). Similarly, the inhibitory effects of DTNB on whole cell Ca^"^ and K"^ 
currents in P cells and the effectiveness of H2O2 suggest that these known SH-oxidizmg agents act 
differentially (m M). It is also possible that oxidizing agents, e.g., oxidized glutathione (GSSH) and 
DT^fB, could have different effects on the same channel (23). 

SH-reducing agents reverse ROS action. ROS-induced changes that have been reported to be reversed 
with SH-reducing agents, e.g., DTT, include /) H^O^-induced increase in of RyR in both cardiac and 
skeletal muscle (46, 124), 2) H202-induced decline in activity of Ca^^-activated channels (18). 3) 
H.O,-induced depression in the Ca^^ pump (86, 87), 4) UV-C-generated • OH and peroxyl (ROO •)- or 
H202-induced inhibition of Na^-K^-ATPase (80, 85), and 5) H202-induced inhibition of the Na^/Ca^^ 
exchanger (88). Cysteine block of ROS-induced inhibition of the SR Ca^^ pump also suggests the 
involvement of SH groups (164)- 1" addition, ROS-induced mechanical dysfunction, due to mipainnent of 
Ca^^-ATPase is prevented by SH-reducing DTT (38, 39, 46). It is assumed that SH-modifymg agents 
act on ROS-induced disulfide by dissociating the H202-induced disulfide-linked RyR protein complex 
(45) However, the possibility that DTT has its own effect cannot be ruled out. Cai and Sauve (18) 
suggested that oxidation of K^, channels by H2O2 forms disulfide bonds that differ from those induced by 
SH oxidation with DTNB and thimerosai. 

Localization of the SH groups for ROS action. Localization of the SH groups on which ROS action 
occurs is achieved by using SH-modifying agents that differ in their pharmacological properties. The 
studies in which the poorly membrane-permeable thimerosai and the charged DTNB oxidizmg agents 
were used suggest that H2O2 inhibits K^, channels by interacting with SH groups that are localized on 
the cytoplasmic side of the chamiel (see Ref 18). On the other hand, rose bengal, a ROS-generating 
system that reverses the blocking effect of ryanodine (see Ref 185), has an action that suggests a 
competition between ROS and ryanodine on a binding site that contains some SH groups. 
Ar.(7-dimethylamino-4-methyl-3-coumarinyl)maleimide labeling of cysteine indicates that this bmdmg site 
(its oxidized SH groups keep the RyR in the active state) is embedded in the membrane away from the 
cytoplasmic side of the membrane (124). It is not known whether such differences in the locahzation of 
SH groups cytoplasmic vs. internal, may account for differences in the proposed mechanisms of ROS 
action The differences in the sensitivity of ion transport pathways to ROS-generating systems jmy be due 
to preferemial binding of ROS to the SH groups of amino acids in the transport protems (61). There is 
also evidence that indicates the presence of different sites underlying ROS-induced modifications m ion 
transport pathways. The opposite effects of H2O2 (inhibition) and DTDP (activation) on the gatmg of the 
SCI channel suggest that these oxidizing agents have different binding sites on the chamiel protein. 
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Krippeit-Drews et al. (100, IM) reported that DTNB inhibited both Ca^^ and K^^P ^^^^^ 
H,0, had no effect on the Ca^^ current while it enhanced the K^^p current. TTiese data pointto the 
presence of another mechanism, other than SH oxidization that may also be -P-^^fj^"^^^^ 
ion channels. The presence of such different mechanisms may explain the opposite effects of H^O^ (12) 
and of 'O, and 0"^ radicals (69) obsen^ed on the RyR Ca^ Release channel. There is also evidence that 
the SH group modulating ATP-sensitive channels may be close to the ATP bindmg site. 
the cUel prevents the irreversible inhibitor NEM from reaching cntical SH groups (119). Similarly, 
ATP inhibition of the SCI chamiel prevents the oxidizing agent DTDP from activatmg the chamiel 
(unpublished observations). 

Oiher SH-modulated transport proteins. Some of the ion channels that are modulated SH r^g«»|^ 
have also been modulated by ROS in accordance with the SH hypothesis. One would exp^t that all ion 
channels and pumps that are modulated by SH-reducing and SH-oxidizing agents wovdd also be 
modulated by ROS and the oxidation-reduction state in vivo. However, it should not be assumed that 
ROS would act in a manner similar to SH-oxidizing agents. As indicated above, there is evidence 
contrary to such similarities, pointing to different mechanisms of actions. Some of the ion ch^^s that 
are modulated by SH reagents, and not yet examined for ROS effects, include fast transient K (V)) 
channels (Ml), diphtheria toxin channels (116), and reduced human skeletal macroscopic CP current 
(hClC-1) ( 105) . 

Changes in Ca^^ Homeostasis 

Intracellular Ca^^ is an important second messenger system, and various cells maintain Ca^^ homeostasis. 
ROS-induced fimctional abnormalities in cardiac muscle are thought to be linked to an mcreasem 
[Ca2^ (see Refs 49 and iD, which has been confirmed with the fiira 2 technique (16. 63). The broad 
effectstf ROS can also be explained in terms of changes in the Ca^^ second messenger system. In cardiac 
tissue, the elevation of cytosolic Ca^^ (Ca^"^ overioad) is linked to various fimctional abnormahties e.g., 
contractile dysfiinction and ventricular arrhythmia, associated with ROS-induced tissue damage durmg 
ischemiareperfiision (51). ROS-induced changes in [C^^\^ homeostasis of muscles m general could be 
mediated via depression in sarcolemmal Ca^^-ATPase, inhibition in SR Ca^^'AT^as^ ^^^^ 2), . 
modification in the gating of SR Ca^^-release channels (Table 2), changes m the Na /Ca exchanger 
(Table 9) or nonspecific Ca^^ leakage across membranes (see Ref 161). The changes in Ca 
homeostasis need not be directly due to ROS-induced modifications in Ca^^ pathways but may also anse 
indirectly via modifications in other ion pathways. Cai and Sauve (18) have argued that H^O^ may 
modulate agonist-induced Ca^^ influx, activating nitric oxide synthase, which metabolize^L-argimneto 
citruUine and nitric oxide, indirectly via depolarization in the membrane potential due to H202-mduced 
inactivation of K^, channels. The role of HOCl in increasing intraceUular Ca^^ homeostasis (46) is partly 
due to its effects on both the sarcolemmal Na exchanger (88) and the Na^-K^-A^ase (m 11^. 
In fact, some Ca^^ pathways are mled out as a cause for changes in Ca^^ homeostasis. For example, the 
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juunanHO- whereas the Ca^^ pump contnbuting to the lP3-insensravep 
damaged by H2O2 and O w^^ereas xne ^ h h 

HO The IP -sensitive Ca2+ channel and a suspected RyR Ca -release cnanne 
damaged by H^O^. The IP3 sensitive c homeostasis are also reported to occur m 

sensitive than the Ca^^ pump. Oxidant-induced changes m ^ J^ J^^^^^^ ^ J^^ Ca^- 
neurons For example, oxidation enhanced the aggregation of amyloid P proton 
ZZs Ik thus Lring Ca- homeostasis to produce neurotoxicity (see Ref. 53). 

Lipid Peroxidation 

possible conseque„c«ofROS.inducedlip.dperox,da„o„.The^^^^^^^ 

peroxMation leads .0 a nonspecific leak of some pathway .n * 'P^^^^^^^^^^^ modifies 
Ldification ofCa^^homeostasis. The ^^^-f^P"*' pumps, 
,he physical properties of phospholipids in such a ^ered. The first 

excLgers. and/or associated proteins that regulate '^^"^''J^^Z ROS induce specific 
possibility canbe ruled ou.,sinceth.e,so.^^^ 

effects on ion transport pathways (see Tables hS) ""e v javways. There is 

no, exclude the possibility of direct ROS effects on P'^""^ * J ™lm^l„. Lrra et al. (SS) 
evidence for ROS-induced ^ """"^"^^ ^Z^^Z^Ll^^ binding sitesand 
found th.t --"P"-;^-""^ de^ge (SO). I. has also been 

that the protectant thiourea (an OH scavenger j prevc. y v enhanced by 

dentonstrated that the NaVCa- exchanger is --'^^P^T v ^ b' f^ acids, 
increasing cholesterol content (106). S,m.larly the Na lipid peroxidation by 

acylglycerols, and related amphiphiles (TO) It has also been '7";'' '"^^J, ^ datnaging 
,.BHP modified the physiological automaticityby mparnng cellular metabohc fimct.0 
lipid membrane stnicture and ion channel protems (147). 

The mechanism of ROS-induced membrane peroxidation '"-^^^'^^^^X^ 
physical properties and inactivate membrane-bound ^^J^^^^^ ^cals. has been 
Leed. loss of endothelial cells, which are a major sou ce ^ ^ n^ondialdehyde 

rou„dtobeassociated^^..e^dfo^^^^^^^^ 

and lipid peroxides (see Ret 92) ™ /bhP augments and subsequently attenuates 

alterations in Ca^* homeostasis (see Ref ^2). For '"^^P'' . by (-BHP of Ca^* 

Ca^* currents in rabbit sinoatrial node and nodal isolated cells. Mod,fica«on by 

homeostasis has also been deduced from an increase -^l"^^:^^^^^:!^^^ 

peroxidation has been invoked as a mechamsm underlymg some diseases examp 
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,12 .poned ..a. P-a.y,oia pepUde .e. radio. ^e„.s i„i.ia.ed s^ptoso^a. Bpop— *at 
has been implicated in Alzheimer's disease. 

Oxidative Phosphorylation and A TP Levels 

u th^t ATP levels decline under conditions of oxidative stress 
In endothelial cells there is evidence showing that ATP ^^^^f j'^ Obviously, 
or H,0,-induced inhibition of glucose-dependent pathways of ATP synthesis C6J 

ATpUsitive,e.g.,K,^channels,orATP.modula^^ 

.elikelytobemodiaediftheATPlevelsares^ 

effects on the metabolism of ATP production or 2) indirect^^ 
ADPandphosphateCseeRef 169).IthasbeenreportedthatH202mhibitst g^y y 

u \ „tinn (12^ causing an increase in the activity of the K^^p chamiel (50. 123). 



(seeRefs. 82and90). 



• . n .1 the X/XO- and H,0,-induced increase in the P, of K^^p channels recorded m 
At the ion chamiel level, the X/XO and H^U^ .^^^.^.^^ 

the cell-attached configuration results fi-om a reduc.on - ATP ^^^^^^^^^ ^ 
oxidative phosphorylation and glycolysis rather t a. ^o^^^^^^^ 

However, observations similar to ^^ose found m the ce^^^^^^^ ^ ^^^^^^ 
configuration (32) have been attributed to a direc. eff a on tiie A ^e due 
out iLition of oxidative phosphorylation ^d gly-ly-O^ ^'^1(169), and 2) differences in 
to /) differences in Mg^^ concentration levels, which affect K^^p chamiels a_J, J 

■ . X/XO nroducingO-, (169) and H^O^/FeCl^ producing -OH (32). 
ROS-generating systems. I.e., X/XUproaucingw z ^ 

Changes in pH 

, , .ha. o.da« ... can mod^ -e ^egulato. — (- R^^^^^^ 

inaaivation of enzymes, damage » ^S-taduced SR disn.ption in isehemic myocard.um 

^ rXa." Z"^- initi*. i.»as.epo«ed.hatO-,a«sa.as,g„a. 

va m,e,ac„on w„h ^so ^ ^ .eneratingO-, 

for the increase m intracellular pH (155). ikcduciu ci » — . „ r^u- n- induced 

extracellular Na^ or blocking its pathway with am.londe. Recently, Wu e F 
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effects of H2O2 on cultured rat cardiac myoblasts are not mediated through a rise in intracellular Ca2+ or 
inhibition of oxidative phosphorylation. They proposed that ROS effects are mediated m induction of 
intracellular acidification. The mechanism by which ROS induce pH changes is via inhibition of glycolysis 
and hydrolysis of ATP rather than inhibition of Na^/H^ and Cr/HCO" exchangers or a Na -HCO 3 
cotransporter (182). These authors have shown that, in the cardiac cell model cell line, H9c2, the 
intracellular production of - OH and not O'^ or H2O2 is the cause of the acidification. Because it is 
known that acidosis modifies Ca^^-release channels (HO, 139) and reduces contraction in cardiac and 
skeletal muscles (44), Wu et al. (182) argued that the small • OH-induced acidification (22) m part 
contributes to the cardiac stumiing seen during reperfusion-ischemia by me^s of either deaeasmg the 
sensitivity of the contractile elements to Ca^^ concentration or reducing Ca^ release from the SR. It 
should be noted that, according to the pH hypothesis, the effects of ROS on ion transport pathwaj^ are 
indirectly mediated via changes in pH. However, single ion chamiel studies that show the effects of H2O2 
on the RyR Ca^^-release chamiel in artificial bilayer experiments where the pH is constant indicate that 
H,0^ directly affects the RyR Ca^'^-release channel (12). 

ROS AS SECOND MESSENGERS IN ION TRANSFORT 
^ PATHWAYS 

Recem reports suggest that ROS, or at least H^Oj, may function as second messenger systems. It has^ 
been proposed that H^Oj modulates a complex of heme-linked NADPH oxidase protein coupled to 
channels that fiinction as an oxygen sensor mechanism in airway chemoreceptors of small lung^carcinoma 
cell lines (176). Closure of this channel induces membrane depolarization and enhances Ca influx 
that could cause the release of transmitters or modification of spike duration and frequency (176). It is 
assumed that, for H2O2 to play a second messenger role, a specificity to H2O2 modulation must be 
achieved, as well as suflficiem concentrations of HjOj accumulated, before it is destroyed by H2O2 
scavengers in a highly reduced cellular environment, e.g., the presence of 1 mM GSH (seeRefs. 83, 173, 
189). Another channel that is modulated by ROS in a second messenger manner is the SCI channel. 
Pharmacological and biophysical studies indicate the presence of an 02-sensing mechanism (GSH-GSSH) 
on the SCI channel protein (95) that is also modulated by H2O2 (unpublished observations). It remains to 
be seen whether the 02-sensitive chamiel of the arterial chemoreceptor that is modified by I0WPO2 
(47) is sensitive to ROS. It has been reported that an anion channel allows • O-2 permeation into human 
amnion cells, which consequently causes increases in /) cytosolic pH, 2) [Ca^'lj^, and 3) release of 
arachidonate (74). The imeraction of ROS with other second messenger systems could also lead to 
changes in Ca^+ levels, e.g., H202-induced activation of phospholipase A2 and arachidomc acid metabolic 

pathways (2L W- 
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► CONCLUSIONS 



The well.accep«d ROS-induced «rdiac dysfunction during ischemta ajjd p«to j . 
cardionwopathies,neurotoxicityjnflan™ation, and aging involves the dismptro^ j . Co»l«.to.. 
various ton transport pathways underlying elertrophysiologicalfunotions.ROS nKxl.er j , .bsSesss 
ion transport mechanisms either dirertly via ion transport pathway proteins and/or . or. ^ 
IZClato,, proteins or indirectly via peroxidation of membrane phosphohptds^l^e ^e a^d 
Xents tL lead to the distuptions of these ion transport pathways are no. m '^^'X'A 
Z 1!^ mlficationof SH groups on iontransport proteins leads to changes ,n the homeost^s of 
Ca ' t^r second mess«,ger system, and perhaps other cytosolicfartors. The ^^^^^ 
Z pkmarv^ mechanism of cell dysflmction for individual ROS are ye. to be determmed. The PO.«^°f 
Z^KOS and .he ion .ranspori mechanism that they primarily afiec. depend " ^o^Jta, 
Llude types of tissue. I. is obvious, therefore, that such understandmg « mtportan. for 4e leyelopmen. 
Tftlifl^drugs for individual ion transpori proteins. ROS scavengers, e.g., superoxide d,smu«se and 
2^ tUd-Llfide modifying agents, and Ca^^ channel modulators, are tire bases for ,her,p«mc 
ZZhes in free radical-induced ischemic and reperftsion myocardial injury. The cloimg of .on 

r«r.! sofo^s, u.ili^.ion of specfflc antibodies and molecular probes, and <^ — . 
s^Kes. will enable us .o chararterize .he SH-oxidiza.io„ sites and enhance our understandmg of the 

Structure-function relation for individual transport proteins. 
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